Two hundred and thirty-six mitochondrial DNA nucleotide sequences were used in combination with polymorphism at four nuclear microsatellite loci to assess the amount and distribution of genetic variation within and between African savannah elephants. They were sampled from 11 localities in eastern, western and southern Africa. In the total sample, 43 haplotypes were identified and an overall nucleotide diversity of 2.0% was observed. High levels of polymorphism were also observed at the microsatellite loci both at the level of number of alleles and gene diversity. Nine to 14 alleles per locus across populations and 44 alleles in the total sample were found. The gene diversity ranged from 0.51 to 0.72
Introduction
The current distribution of elephants in Africa is restricted to, but extends all over the African continent south of the Sahara. Although elephants are capable of utilising all kinds of habitats ranging from dense forests to deserts, most of the surviving populations are currently found restricted within the boundaries of protected areas. They are highly mobile mammals capable of migrating over long distances in search of water and food and with little hindrance from ecological and geographical barriers. However, with their matrilineal social structure, which is characterised by maternal philopatry, their propensity to migrate and exchange individuals between populations is higher in males than in females (Nyakaana and Arctander, 1999) . A priori, these characteristics are expected to maintain a reasonable level of homogenising gene flow between different populations, all other factors remaining constant.
Commercial poaching and encroachment of human settlements into former elephant ranges during the last 100 years has greatly threatened the survival and in the localities studied. An analysis of molecular variance showed significant genetic differentiation between populations within regions and also between regions. The extent of subdivision between populations at the mtDNA control region was approximately twice as high as shown by the microsatellite loci (mtDNA F ST = 0.59; microsatellite R ST = 0.31). We discuss our results in the light of Pleistocene refugia and attribute the observed pattern to population divergence in allopatry accompanied by a recent population admixture following a recent population expansion. Heredity (2002) 89, 90-98. doi:10.1038/sj.hdy.6800110 viability of elephant populations. The current population size of the African elephant is estimated at only 400 000 to 500 000 individuals (Barnes et al, 1999) . Consequently, the African elephant has been listed as an Appendix I species by the Convention for the International Trade of Endangered Species of wild flora and fauna (CITES), as a vulnerable species in the International Union for the Conservation of Nature (IUCN) red data book and as a threatened species by the United States Fish and Wildlife Service under the Endangered Species Act.
Many studies so far conducted on African elephants have concentrated mainly on their ecology, management and conservation, demography, biology and interaction with vegetation. Only a few studies to date have endeavoured to assess genetic variation in African elephant populations: Georgiadis et al (1994) and Siegismund and Arctander (1995) reported significant genetic differentiation between elephant populations in eastern and southern Africa based on molecular studies using restriction site analysis of mtDNA. Nyakaana and Arctander (1999) used nucleotide sequences of the rapidly evolving 5′ end of the control region in conjunction with allele length variation at four microsatellite loci and found significant genetic subdivision between elephant populations in Uganda. Barriel et al (1999) , using cytochrome b nucleotide variation, found high levels of divergence between the forest elephant and the savannah elephant (comparable to what is found between the savannah elephant and the Asian elephant). Roca et al (2001) analysed four nuclear genes and reported a very deep genetic division between forest and savannah populations of African elephants that led them to suggest that the two hitherto subspecies deserve species-level status. In this study we used nucleotide sequence variation in the highly variable mtDNA control region in conjunction with allele length variation at microsatellite loci to analyse population structure of the African savannah elephant sampled from eastern, southern and western Africa.
Materials and methods

Sampling and DNA extraction
Tissue and/or fresh faecal samples were collected from 245 elephants from 11 localities in eastern Africa (Kidepo Valley NP (KV) = 27, Queen Elizabeth NP (QE) = 68, Murchison Falls NP (MF) = 9, Masai Mara GR (MM) = 20, Amboseli NP = 27, Samburu GR (SA) = 9); western Africa (Ghana (WA) = 18); and southern Africa (Zimbabwe (ZBE) = 6, Botswana (BOT) = 25, Namibia (NAM) = 24 and Kruger NP (KG) = 12) as shown in Figure 1 . Samples were preserved in 25% dimethylsulfoxide (DMSO) saturated with sodium chloride (Amos and Hoelzel, 1991) at room temperature in the field and at −80°C in the laboratory. Faecal samples constituted only 7.7% of all the samples analysed. Thirty-one percent of the sequences used in this study are derived from the previous study of Nyakaana and Arctander (1999) . Total genomic DNA Heredity was phenol-extracted using standard procedures (Sambrook et al, 1989) .
Mitochondrial control region
Amplification and sequencing: We amplified 400 base pairs (bp) of the 5′ hyper-variable segment of the control region using the polymerase chain reaction (PCR) with primers Laf CR1 and Laf CR2 (Nyakaana and Arctander, 1999) . Symmetrical PCR amplifications (Saiki et al, 1988) were carried out in 20 L reaction volumes containing 2-5 ng of total genomic DNA, 20 pmol of each primer, 200 M dNTPs, 10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, pH 8.3 and 0.4 units of Taq polymerase (Boehringer Mannheim GmbH). The cycling regime comprised of one cycle of initial denaturation at 94°C for 5 min followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 46°C for 2 min and extension at 72°C for 3 min. Asymmetrical amplification (Gyllensten and Erlich, 1988 ) to obtain single-strand DNA template for sequencing was carried out in 50 L reaction volumes using 2-5 ng template DNA, 0.5 pmol of the sequencing primer, 50 pmol of the second primer, 500 M dNTPs, 10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, pH 8.3 and 0.4 units of Taq polymerase (Boehringer Mannheim GmbH). A cycling profile of 37 cycles of denaturation at 94°C for 1 min, annealing at 48°C and extension at 72°C for 1 min was used. All amplifications were carried out using a HYBAID thermocycler. No-template PCR controls were included in each set of amplification reactions to check Heredity for possible contamination. Primers Laf CR1 and Laf CR2 were used to sequence both strands using the dideoxy chain termination method (Sanger et al, 1977) , [ϰ-35 S]-ATP (Amersham, UK) and a sequenase version 2.0 kit (US Biochemical). The products were separated in a 6% polyacrylamide/7M urea gel and visualised by autoradiography on a Kodak film after exposure for 24-48 h. Some samples were sequenced for both strands using the dye terminator cycle sequencing technique on an ABI 377 automated sequencer (Perkin Elmer).
Sequence analyses: Sequences were aligned manually and edited using the program SeqApp version 1.9 (Gilbert, 1993) . Within-population genetic diversity was estimated using the nucleotide diversity index () (Nei, 1987, equation 10.5) . The extent of genetic differentiation between populations was quantified using the F ST statistic computed from both the haplotype frequencies and the number of mutations between the haplotypes using the program arlequin version 2.0 (Schneider et al, 2000) . The statistical significance levels of these two statistics were determined using 1000 Monte Carlo simulations.
The pattern of sequence evolution was portrayed using a minimum spanning network generated with the programs TCS version 1.13 (Clement et al, 2000) and arlequin (Schneider et al, 2000) . In this network, the sequences can be at the nodes and the tips of the network. The net percentage sequence divergence between populations was used to estimate a tree among the populations using the neighbour-joining algorithm implemented in phylip version 3.5c (Felsenstein, 1993) .
The genetic structure of the populations was analysed in a hierarchical way where populations were a priori categorised into three regional groupings mentioned previously. An analysis of molecular variance approach (AMOVA) implemented in arlequin version 2.0 (Schneider et al, 2000) , which uses both the frequency and sequence divergence between haplotypes, was used to estimate the extent of genetic differentiation between populations within each region and also between the three geographical regions. The hierarchical analysis was done by estimating the F ST , F SC and F CT fixation indices that measure the proportion of genetic variation between populations in the total sample, between populations within regions and between different regions of populations, respectively. The significances of the F-statistics were evaluated with 1000 random permutations.
Microsatellite loci
Polymorphism was analysed at each of the four loci Laf MS01, Laf MS02, Laf MS03 and Laf MS04 (Nyakaana and Arctander, 1998) using the conditions as described in Nyakaana and Arctander (1999) . The PCR products were electrophoresed on a 4% polyacrylamide gel on an ABI model 377 DNA automated sequencer. Tests for genotypic disequilibrium and deviations from the HardyWeinberg proportions were carried out using the Markov chain method as implemented in genepop version 3.1 (Raymond and Rousset, 1997) . The numbers of different alleles per locus plus observed and expected heterozygosities at each locus were used as indices of genetic diversity in each population. A modification of Fisher's exact test (Raymond and Rousset, 1995) was used to evaluate the significance of the differences in allele distribution between populations using 1000 Monte Carlo permutations. Bonferroni corrections (Rice, 1989) were used to compensate for simultaneous tests in estimating significance levels.
We quantified the extent of genetic differentiation between populations using the R ST statistic (Slatkin, 1995) . This statistic is specifically adapted to microsatellite data because its computations are based on the stepwise mutation model (SMM) that explains the mutation processes believed to occur at microsatellite loci (Slatkin, 1995) .
The microsatellite variation was analysed in a hierarchical manner similar to the control region variation with the program arlequin version 2.0 (Schneider et al, 2000) . We tested for correlation between genetic distances (based on both mtDNA sequence and microsatellite loci data) and geographical distances between populations using a Mantel g-test (Mantel, 1967) both within and between regions. Two thousand permutations were used to estimate the significance of the correlations.
Results
Mitochondrial control region
Variation: Forty-three haplotypes defined by 47 polymorphic sites were found among the 236 individuals successfully sequenced (Figure 2 ). These have been deposited in GenBank with accession numbers AF106203 to AF106245. Of the 47 polymorphic sites, 44 were transitions, one involved a transversion, one involved both a transition and transversion, while one site represented a deletion/insertion event. Haplotype diversity ranged from 0.17 (Kruger NP) to 1.0 (Zimbabwe) ( Table 1) . Eight of the haplotypes were found in more than one population; four of which were restricted to the eastern African region (KV1, KV2, KV7 and KV8), two occurred in both eastern Africa and southern Africa populations (QE1 and QE13) and two were restricted to the southern Africa region (ZBE6 and BOT2) (see Figure 2) .
Nucleotide diversity (, Nei, 1987, equation 10.5 ) in the total sample was 2.0% but varied widely between populations, ranging from 0.08% in the Kruger population to 2.7% in Zimbabwe, representing approximately a 34-fold difference (Table 1) . Haplotype and nucleotide diversities were significantly correlated (r = 0.71, P Ͻ 0.05).
Gene genealogy: A minimum spanning network for the haplotypes revealed three highly divergent clades: Clades A & B contained haplotypes from both the eastern and southern African regions and the two clades were separated by at least 10 mutational steps. Clade C was reciprocally monophyletic and contained four haplotypes all sampled from western Africa (Figure 3 ). This clade was distinguished from the rest by one fixed transition and one fixed transversion (positions 41 and, 209 respectively). All haplotypes in clade A had a deletion at position 39 while those in clades B & C had adenine in the same position. All haplotypes in clade A were inferred by the programme to be derived from one haplotype (QE1, rooting weight = 0.16) while those in clades B & C were derived from another haplotype (BOT16, rooting weight = 0.14). Eighty-two percent of all the individuals in clade A were sampled in eastern African localities and only 18% from the southern African localities. On the contrary, 60% of the individuals in clade B were sampled from southern Africa localities and 40% from the eastern Africa localities, mainly from Masai Mara game reserve.
Population differentiation: A hierarchical analysis of molecular variance of population structure revealed a highly significant subdivision between populations in the total sample (F ST = 0.591, P Ͻ 0.001), between populations within each region (F SC = 0.420, P Ͻ 0.001) and also between the eastern, southern and western regions of the continent (F CT = 0.294, P Ͻ 0.001; see Table 2 ). All the pairwise comparisons among populations except one (BOT/ZBE) showed significant genetic differentiation Heredity based on the F ST statistic. An unrooted population tree based on F ST distances cluster the populations into groups that are largely concordant with their geographical localities. For example, four of the six eastern African populations group together. The southern African populations are however divided into two groups and so are the eastern African populations (Figure 4a) . A significant correlation between inter-population genetic distances and geographical distances at the continental level was observed (g = 2.71, P = 0.005). However, no correlation between genetic and geographical distances was revealed by the Mantel g-test at the regional level (eastern Africa; g = −1.28, P = 0.91; southern Africa; g = 1.89, P = 0.08). Figure 4 Distance population trees generated using F ST distances based on mtDNA sequence variation (a) and R ST distances based on microsatellite allele variation (b).
Microsatellite variation
Genotypic distribution and diversity: Fisher's pair-wise exact tests for genotypic disequilibria between the four loci were not significant in any of the populations (P Ͼ 0.05) (data not shown), implying independent assortment of alleles at these loci. The statistics describing genotypic distribution and diversity are summarised in Table 3 . Observed genotypic proportions deviated significantly from Hardy-Weinberg expectations at two loci; Laf MS01 in QE, MM and NAM and Laf MS03 in KV, QE, AM and BOT. Only the QE population showed significant deviation from expected Hardy-Weinberg genotypic proportions across all loci after a Bonferroni correction (Rice, 1989) . Genetic diversity was measured in terms of number of alleles and observed and expected heterozygosities. All the loci were highly polymorphic, with the total number of alleles per locus ranging from nine (Laf MS04) to 14 (Laf MS02). A total of 44 different alleles were observed across all loci in all the populations. The number of alleles per locus within populations ranged from two (Laf MS03, MM) to 12 (Laf MS02, WA) while the total number of alleles scored in each population at all loci ranged from 12 in ZBE to 31 in QE. Observed and expected heterozygosities ranged from 0.18 to 1.00 and 0.18 to 0.91, respectively. The average expected heterozygosities across all the loci for the eastern African populations were strikingly similar to each other with a mean of 0.68 but significantly greater than those of the southern African populations (mean = 0.58).
Population structure: A total of 14 private alleles distributed amongst four populations (QE, NAM, KG and WA) were observed across the four loci whereby eight of them were restricted to the Ghana population, which is the most divergent one. Two of the private alleles reached high frequencies in Ghana, 0.344 and 0.206 for the alleles Laf MS01 (186) and Laf MS03 (152) respectively. In addition, three alleles, Laf MS01 (198 and 200) and Laf MS04 (157) were relatively common in all the other populations but were uniquely absent from the Ghana popuHeredity lation. There is no clear-cut pattern that distinguishes the eastern and the southern African regions: these two regions mostly differ in allele frequencies rather than by having diagnostic alleles. This is also reflected by the fact that only 41 out of the 55 multi-locus R ST estimates (Slatkin, 1995) (in contrast to the 54 out of 55 F ST estimates for the mitochondrial locus) in pair-wise population comparisons were significant (P Ͻ 0.05). Four alleles Laf MS02 (146 and 148), and Laf MS03 (144 and 146) were ubiquitously distributed in all the populations. Interestingly, on a continental level the regions are differentiated at the same level (R CT = 0.28) as for the variation of the control region (F CT = 0.29) (see Table 2 ). Most of this differentiation is due to the diverged western African population. Unlike for the control region where an F SC value of 0.42 is observed, a low differentiation is observed among populations within regions (R SC = 0.047) for the microsatellites. On an overall level, the microsatellite loci show a differentiation among populations which is approximately half that observed for the control region (R ST = 0.31 and F ST = 0.59, Table 2 ).
A population tree generated using microsatellite loci based R ST distances is shown in Figure 4b . Its topology differs from that generated using the mtDNA based F ST distances in as far as the placement of the Kidepo Valley and Ghana populations is concerned: Kidepo Valley clusters with the southern Africa populations while the Ghana population clusters with the eastern African populations. Secondly, the branches connecting the populations are much shorter than in the population tree based on nucleotide differences.
A Mantel g-test revealed no significant correlation between inter-population Nei's genetic distance (Nei, 1978) calculated from allele frequency distributions and geographical distances among the eastern African populations (g = −0.64, P = 0.7) while a pattern of isolation-bydistance was evident among the southern African populations (g = 1.87, P = 0.039) and at the continental level (g = 1.98, P = 0.035).
Discussion
Mitochondrial control region
Although the occurrence of nuclear copies of the elephant mitochondrial region has been reported (Greenwood and Pääbo, 1999) , we have no reason to suspect the presence of pseudogenes in our study. We found a high transition/transversion ratio (44:2), there were no double sequences on our gels, and an RT-PCR on two random samples resulted in identical sequences to the ones we originally obtained.
Variation:
The average nucleotide diversity of 2.0% observed for the elephant control region is lower than what has been observed in mtDNA of most mammals examined to date, for example, Grant's gazelle (up to 6.2%, Arctander et al, 1996) , water buck (4.1%, Simonsen, 1997) and the African buffalo (5.0%, Simonsen et al, 1998) . However, our values of 2.0% nucleotide diversity and 85% haplotype diversity are comparable to the values of 1.8% and 87% respectively which was found in the Asian elephant by Fernando et al (2000) . Our results also corroborate the findings of Drysdale and Florkiewicz (1989) based on allozyme studies, which revealed much lower genetic divergence between the genera, Loxodonta and Elephas compared with genera in other groups of mammals. The reduction in the rate of the molecular clock with the increase in body mass, longer generation time and lower metabolic rate has been suggested as a possible explanation for the reduced genetic diversity within the family Proboscidae (Martin et al, 1993) . Low levels of nucleotide diversity are generally indicative of long-term small effective population sizes and could also be a result of other phenomena such as founder events and bottlenecks. Comparisons of the levels of variability of the elephant control region and the cytochrome b gene (which is expected to be much less variable than the control region in mammals) has revealed that the two loci have the same level of variability, suggesting that the control region as such has a reduced mutation rate in elephants (Nyakaana, unpublished) . Tiedemann et al (1998) reported a cytochrome b mean sequence divergence of 2.1% from a study involving three populations from southern Africa: this figure is almost identical to the nucleotide diversity we report in this study based on control region variation. Very low values of nucleotide diversity (0.06-0.07%) have also been observed in matrilineal whales with the same social structure as the elephants (Whitehead, 1998) whereby it was suggested that selection for matrilineally transmitted traits upon which neutral mitochondrial DNA alleles hitchhike could be a probable explanation.
Population structure: The fact that a highly significant portion of the variation (41%) is partitioned between populations clearly indicates that very little exchange of reproducing female individuals is taking place between the existing elephant populations. Even for those populations where significant genetic differentiation has not been found in pair-wise comparisons, the results need to be interpreted cautiously, given the fact that inferences about population genetic structure based on mtDNA variation tend to portray, to a large extent, the early coalescent events in the history of the populations and therefore reflect more of the ancient historical associations rather than the true contemporary patterns of gene flow (Barton and Wilson, 1986) . Given the current state of fragmentation of the elephant range, our estimates of the indices of genetic differentiation may be an under estimate of the current level of genetic isolation of the existing populations.
Phylogenetic relationship between haplotypes: The minimum spanning network of the haplotypes reveals three genetically differentiated groups of the current elephant populations in Africa; one in the eastern, one in the southern, and the other in the western part of the continent. The ancestral haplotypes identified by the minimum spanning tree to be associated with these groups are QE1 and BOT16. Although no ancestral haplotype was sampled in western Africa, the population from this region is strongly subdivided from the rest of the populations. Our findings corroborate earlier studies on large mammals co-distributed with the savannah elephant whereby it has been argued that centres in these regions acted as refugia for a number of species during the drastic Pleistocene climatic changes (eg, Arctander et al, 1999; Flagstad et al, 2001) . Isolation of populations into disjointed refugia has the effect of accentuating genetic divergence through genetic drift especially if the effective population size is small. The hierarchical analysis of molecular variance between continental regions clearly shows this significant genetic divergence between regions.
The co-occurrence of widely distributed haplotypes in the southern and eastern populations, in spite of the large sequence divergence separating the clades, can either be indicative of large long-term effective population sizes or it could be a result of recent secondary population admixture as a result of range expansion from refugia in the eastern and southern parts of the continent, where the populations have evolved in allopatry for a long time. It can be envisaged that populations restricted to refugia during unfavourable climatic cycles, would rapidly expand their range when conditions improved, thus favouring sympatric existence of highly divergent genotypes in areas where such expanding populations meet. A relatively recent expansion of the savannah elephant has also been suggested by Roca et al (2001) based on a sequence of 1732 nucleotide base pairs from four nuclear genes. A comparison of the forest and savannah elephant showed a significantly lower level of variation in the savannah elephant (30-fold lower). This led them to suggest that this was due to a range expansion of the savannah elephant at the end of the Pleistocene when Elephas iolensis became extinct in Africa. In our study, this is clearly depicted in the star phylogeny of the southern African haplotypes emanating from the ancestral haplotype QE1 in clade A and the subsequent wide occurrence of this haplotype in populations both in eastern and southern Africa. The reciprocal monophyly of the western African clade is indicative of long-term absence of gene flow between this group and the rest of the regions. This finding is based on a relatively small sample from western Africa and might have to be revised when more individuals and/or locations are sampled. We do not favour the explanation of large long-term effective population sizes of females being responsible for incomplete lineage sorting as advanced by Georgiadis et al (1994) . There is no evidence to indicate that very large elephant female census population sizes have existed in Africa for a long period of time to justify incomplete lineage sorting in a large, long-lived mammal like the elephant (see Kimura and Ohta, 1969; Avise et al, 1988) .
Microsatellite loci
In general, the four microsatellite loci accorded to HardyWeinberg proportions. Only one population, QE, deviated when the significance values were combined across loci. The deviation is probably not caused by an excess of heterozygotes. The locus with the highest contribution to the overall significance value (Laf MS01) had an F IS value of −0.02, which is close to zero and the average value of F IS is −0.10, which is by far not extreme in comparison with other populations (see Table 3 ). We attribute this deviation to the breakdown of social structure in this population in response to the severe poaching this population has undergone (Nyakaana et al, 2001) .
The microsatellite data depicted weaker population differentiation between populations in some of the pairwise comparisons both within and between regions. However, our data set was able to detect overall population subdivision between populations in the three regions sampled. Lack of strict concordance between nuclear and mitochondrial based genetic structures have frequently been observed in a number of studies (eg, Ferguson et al, 1991; Palumbi and Baker, 1994; Simonsen et al, 1998; Nyakaana and Arctander, 1999) . Several explanations have been put forward to account for such observations. For example, the maternal inheritance of mtDNA loci increases their sensitivity to detect population structure. Such a mode of inheritance decreases its effective population size four times relative to that of the nuclear markers, thereby leading to faster genetic drift for the haploid and maternally inherited alleles (Wilson et al, 1985) .
In addition, the matrilineal elephant social structure is characterised by female natal philopatry favouring malebiased gene flow (see Nyakaana and Arctander, 1999) , which is usually manifested as a reduction in the level of genetic differentiation at nuclear loci. Depending on the extent of separation between populations, homoplasy resulting from saturation of mutations at some of the loci Heredity can also lead to an underestimation of the extent of genetic differentiation between populations. The number of loci used in this study was relatively small; hence low subdivision indices may also be a reflection of the limited ability of our nuclear markers to detect fine scale differences between closely related populations. Future work involving use of additional recently isolated microsatellite loci (eg, Eggert, 2000) might greatly improve the resolution of the extent of genetic differentiation of these populations.
Conclusions
Our results from both mtDNA and nuclear loci clearly show significant levels of genetic subdivision between the elephant populations analysed in this study. In spite of the limited sampling carried out in the western African region, our results nevertheless clearly indicate that the savannah elephants have regionally differentiated groups that deserve to be protected as such (see Table 2 ). It is important that if an integrated conservation and management plan is to be designed, this observed significant genetic isolation between regional elephant groups should be taken into account, especially when decisions regarding reintroduction and/or translocations are to be considered. This would ensure the preservation of the genetic diversity and distinctiveness present in these populations of elephants.
